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Using polarimetry to check rotation alignment in PMS binary stars.
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Abstract. We present a new method to use polarimetric mea-
surements to estimate the relative orientations of the star+disk
system in each component of Pre Main Sequence (PMS)
T Tauri binary stars. The principles of the method are pre-
sented, together with a review of polarimetric data available
in the literature on wide systems (   	 
 
 ) in Taurus. We show
that this method can be subject to a bias introduced by the in-
terstellar polarization, but we find that in four sources that are
not affected by this bias, the rotation axes of both components
are preferentially parallel. We also find one system where the
axes are clearly not parallel. Because it concerns wide binaries,
this alignment is thought to result from initial binary formation
itself rather than via a posteriori tidal interactions. The method
is promising but requires the use of more accurate polarime-
ters. In order to test the possibility to study tighter systems,
we have also obtained imaging polarimetric measurements and
spectra for each components of closer binaries (  
 
  ). Our
first polarimetric measurements lack S/N, but the spectra of in-
dividual components of these close binaries provide informa-
tion on their respective spectral types and their accretion rate
through   equivalent widths and fluxes. We use these spectra
to confirm the nature and the pairing tendency of the TTS un-
der study. Implications on the binary formation mechanism are
discussed.
Key words: techniques: polarimetric - techniques: spectro-
scopic - stars: pre-main sequence - binaries: close - circum-
stellar matter
Send offprint requests to: J.-L. Monin, Jean-Louis.Monin@obs.ujf-
grenoble.fr

Based on observations made with the Bernard-Lyot Telescope
at the Pic-du-Midi observatory and with the Canada–France–Hawaii
Telescope, operated by the National Research Council of Canada, the
Centre National de la Recherche Scientifique de France and the Uni-
versity of Hawaii.
1. Introduction
Our current understanding of low mass stellar formation has to
take into account two very different yet complementary con-
straints. On one hand, when we consider individual stars, the
current model put forward for embedded Young Stellar Objects
(YSOs) includes a central stellar core, surrounded by an equa-
torial accretion disk and a remnant infalling envelope (see e.g.,
Shu et al. 1987). This stage is frequently associated with en-
ergetic bipolar molecular outflows, perpendicular to the disk
(e.g., Bachiller, 1996 and references therein) and tracing the
symmetry axis of the whole system. Even if the circumstellar
disk is warped by the influence of a close companion (see e.g.,
Terquem and Bertout, 1992), its axis remains very close to the
star’s rotation one.
On the other hand, we also know that a large fraction of
T Tauri stars (TTS) form in binary or multiple (   ) systems
(e.g., Ghez, et al. 1993; Simon et al. 1995; Ghez et al. 1997;
Padgett et al. 1997). This ubiquitous property of the stellar for-
mation process has a potentially enormous influence on the pre-
vious one because the circumstellar environment of the indi-
vidual components of a multiple system can be deeply modi-
fied by the presence of a companion. For instance, in the case
of a binary, the dust thermal continuum emission at millimeter
wavelengths is smaller on average than for singles, indicating
that the outer colder part of the circumstellar disks surrounding
binary components have been removed, leading to a smaller
reservoir of material immediately available for accretion (e.g.,
Osterloh & Beckwith 1995; Dutrey et al. 1996).
From the theoretical point of view, fragmentation now ap-
pears as the best binary formation mechanism to meet the
observational constraints (Boss, 1993). Fragmentation mech-
anisms include fragmentation of a molecular cloud core (e.g.,
Pringle 1989) and growth of an instability in the outer parts of
a massive circumstellar disk (e.g., Bonnell 1994). In the first
case, if we neglect long term tidal interactions, fragmentation
could yield non co-planar systems, if the initial cloud is elon-
gated and the rotation axis oriented arbitrarily with respect to
   
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the cloud axis (see Bonnell et al. 1992). In the second case the
disks around both binary components will always be co-planar,
thus the stellar spin axes aligned.
The respective orientation of the system components’ ro-
tation axes therefore appears as an important geometrical pa-
rameter of a forming multiple system to disentangle between
the various formation models. Unfortunately, such a determi-
nation is currently poorly constrained by observations. Our un-
derstanding of the stellar formation will be greatly improved
when we establish the respective repartition of the axes orien-
tations. Previous studies of the projected rotational velocities
of both components of visual binaries on the main sequence
by Weis (1974) and Hale (1994) showed a directional correla-
tion of orbital and rotational axes, indicating a tendency toward
spin alignment for systems with separation less than 30-40 AU.
Within the framework of star formation theory, this distance
is smaller than the size of an accretion disk, leading to think
that star-disk interactions are indeed important in determining
the final system structure. However, these studies concern stars
on the main sequence where all the star-disk and disk-disk in-
teraction processes between the components are likely to have
ceased and the state of the system do not reflect the initial bi-
nary formation conditions anymore.
In PMS binary systems, the projection of the rotation
axes of both components on the line-of-sight can be obtained
through the combination of the projected rotational velocity,
     
, the rotational period, and an estimate of the stellar ra-
dius. This determination is quite indirect and can induce large
uncertainties. In this paper, we propose to use linear polariza-
tion measurements to determine the other angle that defines
the three-dimensional orientation: the projection of the rotation
axis in the plane of the sky. The basic idea relies on the fact
that in T Tauri stars, linear polarization in the visible range is
caused mostly by scattering. As a consequence, it retains infor-
mation about the geometry of the circumstellar environment of
each component, allowing evaluation of the symmetry axis of
these environments. We have started a study of the linear po-
larization of individual components in PMS binaries in nearby
star formation regions, including Taurus-Auriga.
Section 2 presents a description of our method, together
with the expected limitations resulting from the finite signal-
to-noise ratio. A review of polarimetric measurements on wide
binaries (    ) in the literature is presented in Sect. 3, together
with a test of the method on closer binaries ( 	   , all but one
being  
    ), for which we have also observed individual spec-
tra in order to assess their nature, classical or weak-line TTS
(resp. CTTS or WTTS). The results are presented in Sect. 4
and discussed in Sect. 5. Expected improvements in the near
future and a conclusion are given in Sect. 5 and Sect. 6.
2. The method
2.1. Description
The main idea behind the method is that if both components
in a binary have an axisymmetric circumstellar medium and
have a detectable polarization, then this polarization reliably
traces the orientation of the symmetry axis of their circumstel-
lar environments, and therefore their rotation axes. In order to
get a sufficiently large intrinsic polarization, both components
must be surrounded by a sufficient amount of dust and gas, and
the inclination with respect to the line-of-sight must be large
enough. Our method is thus likely to give good results when
applied to binaries where both components are CTTS.
Models of bipolar reflection nebulae by Bastien and Me´-
nard (1990) have shown that the position angle of the integrated
linear polarization of the scattered starlight is parallel to the
equatorial plane of the disk, provided the inclination is suffi-
ciently large. Indeed if the star is seen at low inclination, say
Fig. 1. Polarization Model. The polarization level P (histogram) and
its position angle  (solid line) are computed for a bipolar nebula sur-
rounding a circumstellar disk. The position angle is not well defined
for P      , i.e., below 40  when          (the horizontal
dashed line at the bottom of the polarization histogram corresponds
to P=0.3%; it intersects the polarization histogram at an inclination
 ﬀ

 ). The position angles below 20  are not shown.
less than 
 ﬁ ﬂ , the integrated polarization level will decrease to-
ward ﬃ  ﬁ , a value reached if the system is seen face-on. On
the other hand, for larger values of the inclinationand assuming
all CTTS are associated with small, unresolved, bipolar nebu-
lae, one can estimate the projected orientation of the symmetry
or rotation axis of the system by measuring the position angle
of the linear polarization vector.
Our calculations assume that the star+disk system is sur-
rounded by a large bipolar dust enveloppe scattering a fraction
of the photons received by the observer, and making the polar-
ization position angle appear parallel to the equatorial plane.
Figure 1 shows the resulting polarization level ﬃ and position
angle  computed for a bipolar reflection nebula with a multi-
ple scattering code (Me´nard 1989). We use the density struc-
ture given by Galli & Shu (1993), for the !  ﬁ  " case (see
their Table 5 and Fig. 1c). The reflection nebula has a radius
    
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of 3000 AU (     in Taurus), and an accretion disk was added
to that prescription, the disk being defined as an abrupt den-
sity increase by a factor of 20, over a radius R=250 AU and
a “flaring” angle of   . The results show that if one can reach
a polarization uncertainty  (P) of    % or better, the position
angle of the polarization is well defined and parallel to the disk
(PA=90 ) for all inclinations larger than 40 . Therefore, this
method gives a reliable estimate of the disk orientation for in-
clination angles larger than approximately 	   .
If no envelope is present, the received photons will be scat-
tered by the disk and this different scattering geometry results
in a integrated polarization perpendicular to the disk plane in-
stead. Whitney & Hartmann (1992) and more recently Wood et
al. (1998) have modeled such situations, and their results show
that in all cases, for a large enough inclination, the polarization
is perpendicular to the disk plane rather than parallel to it. How-
ever, this 90 shift on the position angles of the polarization in
the models does not impede our ability to estimate the orienta-
tion of T Tauri stars. Two T Tauri stars having different orien-
tations within a binary system will have different polarization
position angles, whether or not a dust envelope is dominant. In
the following, we assume that all the CTTS of our sample are
associated with small, unresolved, bipolar nebulae with a dusty
envelope surrounding their accretion disk, and that the polar-
ization measurement integrates the whole star+disk+envelope
system.
Note that the measured polarization level cannot be used,
in conjunction with Fig. 1, to evaluate the inclination angle di-
rectly. The integrated polarization levels are sensitive to the
exact density distribution: the total extinction on the line-of-
sight, the radial dependence of the density profile, the grain
size and type, so that Fig. 1 is valid only for one given model.





  ie.         , is model dependent. Nevertheless,
two features appear general and useful to derive the orientation
of stars in binary systems: 1) the integrated polarization level
rises when the inclination increases, 2) within our hypotheses,
the integrated polarization position angle remains parallel to
the disk plane whenever the polarization is large enough for
the angle to be well defined. It is this latter result that we will
use to assert the projected orientation in the plane of the sky of
the CTTS of our sample for which a significant polarization is
detected.
2.2. Linear polarization imaging
The polarization measurements obtained with classical photo-
electric polarimeters are limited to binary separations of a few
arcsecs because of the diaphragm sizes used, typically 3-4  or
more. We have tested the method proposed in  2.1 on closer
binaries by using imaging linear polarimetry instead. The see-
ing is then the limiting factor to resolve binaries. In practice
it allows a study of tighter systems than classical aperture po-
larimetry does.
In imaging polarimetry, one way to measure the polariza-
tion is to obtain 3 images through linear polarizers oriented dif-
ferently, say at 0 , 60 and 120 from the north celestial pole.
Each image yields a measure of the polarized intensities   ,   
and     for each component of the binary. This polarimeter is
very easy to implement on any imaging camera. Instrumental
polarization can be limited to a minimum by installing the po-
larimeter at the cassegrain focus and by rotating the whole in-
strument instead of the polarizers only. The details of the com-
putations to transform   ,    and     into 
 and  are given
in Appendix A.
This formalism assumes that the only variations between
the subsequent frames at 0 , 60 and 120 come from polar-
ization effects and not from sky transparency fluctuations (i.e.,
observations are made in perfect photometric conditions). This
puts a strong constraint on the method as we will see; it limits
its ability to measure low polarizations.
To avoid this limitation, one can use the fact that one or
many field stars can also be detected on the images. By as-
suming these stars to be unpolarized, because for example they
are foreground stars, one can monitor and compensate the pho-
tometric variations between each exposure. Unfortunately, T
Tauri stars are found in molecular clouds and nearby unpolar-
ized field stars are quite rare, and often too faint for accurate
photometry, making this photometric monitoring method diffi-
cult most of the time.
Limits on these affirmations can be given by numerical sim-
ulations. To estimate the signal-to-noise ratio needed on the
field star in each individual image to reach accurate polarime-
try, we built artificial images similar to the ones observed (i.e.,
same separation between stars, same FWHM, same readout
noise...). We considered a bright primary, a fainter secondary,
and a much fainter reference star. The primary and the sec-
ondary are polarized, the field star is not. The results are pre-
sented in Table 1. Column 1 gives the signal-to-noise ratio at
which the field star used as a photometric reference is detected.
In all cases, the primary T Tauri star has SNR=1900, and the
secondary has SNR=1250. Columns 3, 4, and 5 give the po-
larization characteristics of the primary, the secondary and the
reference star respectively. The top line gives the polarization
level 
 , the bottom line gives the position angle  . The polar-
ization level on the primary and the secondary are set identical
while the angles differ by 30 . Columns 6 and 7 give the calcu-
lated polarization, with the errors in parenthesis, of the primary
and secondary assuming the faint reference field star is unpo-
larized. The formalism of appendix A is used.
The results presented in Table 1 show that in order to get an
absolute precision better than     on the linear polarization
level, photometric measurements with S/N     are needed
on each individual image of the reference star if it is truly un-
polarized. This would be valid for example for a CTTS binary
located inside a molecular cloud and a reference star located
well in front of it and not suffering from interstellar polariza-
tion.
Reference stars effectively unpolarized are hard to find in
practice, as the stars detected in the same frames as the target
will most likely be affected by interstellar polarization. Fur-
ther simulations were thus performed to estimate the effect of a
              	 
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Table 1. Numerical simulation results; see text for details.
S/N model calculated polarization
prim. sec. ref. prim. sec.
150 P 1 1 0 1.1 (1.2) 1.1 (1.4)
 
25 55 24 (32) 54 (32)
240 P 1 1 0 1.0 (0.8) 1.0 (0.9)
 
25 55 25 (22) 56 (20)
400 P 1 1 0 1.0 (0.4) 1.0 (0.4)
 
25 55 25 (9) 54 (9)
580 P 1 1 0 1.0 (0.3) 1.0 (0.3)
 
25 55 24 (8) 56 (7)
reference star with a non-zero polarization. This would be ex-
pected for example for a reference star located also within the
molecular cloud and suffering from the same interstellar polar-
ization as the binary. In that case, if we assume the reference
star to be unpolarized while its actual polarization is similar to
that of the binary, the polarization of the primary and secondary
cannot be recovered. This is true even if the S/N is larger than
580. The use of a reference star with a known and constant
polarization is also possible. However, in practice we do not
expect to find many of them in the same field than our sources,
and this requires more than excellent photometric conditions.
To summarize, a S/N = 580 or more is necessary to measure
the polarization of a star with a   accuracy of 0.3% on P, the
polarization level. This is valid only if the reference star used
to monitor the sky transparency is unpolarized, or if the sky
is perfectly photometric if no on-frame reference star is used.
The impact of non-photometric conditions will be discussed in

4.3.
3. Observations and data reduction
3.1. The sample
Our sample is divided into two sets. A large separation set has
been obtained from the literature and concerns binaries with
separations larger than    . The second set is made of closer bi-
naries, with separations less than    , most of them being closer
than   	   .
To construct the large separation set we surveyed the lit-
erature, looking for binaries for which polarimetric data are
available for each individual component. The lower limit on
the separation (   or 
   	  AU at the distance of Taurus) is
such that no contamination occurs from the other component,
while the upper limit set at      (
     AU) ensures that
there is little contamination by (unbound) visual pairs.
We have selected only measurements taken with the same
instrument through the same filters and at the same time for a
given binary. This is important to avoid contamination by likely
intrinsic polarization variations, which are quite common for
TTS (Me´nard & Bastien, 1992). Such variations affect  and  ,
and most of the time, the polarization vector wanders back and
forth about a given value with a limited amplitude. In the fol-
lowing, we will assume that the values presented in this paper
are representative of an average position angle of the polariza-
tion. This large separation subsample of binaries is presented
in Table 2.
Table 2. The sample of wide TTS binaries (sep.     ). The HBC
numbers of the (brighter in V) primaries are boldfaced.
Object HBC sep.(   ) PA ( )
035120+3154 SW/NE 352/353 8.7 71
040047+2603 W/E 358/359 23.5 22
V773/FM Tau 367/23 37.3 13
DI/DH Tau 39/38 15.0 306
FY/FZ Tau 401/402 16.9 71
V807/GH Tau 404/55 21.5 195
GI/GK Tau 56/57 12.9 328
HP Tau /G2 /G3 66/415/414 20.9 / 9.7 297 / 244
The second data set contains binaries with separation less
than    	 , except for one at     , and have been chosen from a
list published by Mathieu (1994). Stars were selected because
of their large excess flux ratio over a photosphere at    m
(      , see Skrutskie et al., 1990) and/or their high flux
at  	  m (IRAS) and 1.3 mm, suggesting their CTTS nature
and indicating the presence of a large amount of circumstellar
material, likely in the form of a disk. Table 3 presents the main
characteristics of this subsample. The data given in this table
were taken in Mathieu (1994) and references therein.
Table 3. The sample of close TTS binaries (sep.     ) with HBC
number of the primaries boldfaced when available.
Object HBC Sep. P.A. ﬀ ﬁ F ﬂ ﬃ  F ﬂ  ! " "
(  ) (  ) (Jy) (mJy)
UX Tau AB 43/42 5.9 269 1.31(A) 0.30 73
UX Tau AC 43 2.7 181 1.31 0.30 73
DK Tau 45 2.5 115 1.93 2.24 35
HK Tau 48 2.4 175 1.47 0.31 41
V710 Tau 51/395 3.2 357 1.15 0.35 71
HN Tau 60 3.1 215 1.59  45
Haro 6-37 73/424 2.7 37 1.75 1.20 60
The triple system of UX Tau has been treated as 2 separate binaries
with the same primary HBC 43.
     
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3.2. Spectroscopy
We have obtained spectrometric measurements of the close bi-
naries listed in Table 3 (to the exception of V 710 Tau), in order
to evaluate the spectral type of each star, assess their nature as
CTTS or WTTS, and study the pairing statistics. The observa-
tions were performed during the nights of 1995 december 27
& 28 at the Canada-France-Hawaii 3.60m telescope. The Sta-
bilized Image Spectrometer (SIS) was used with a           
CCD. The plate scale was  
   
per pixel. The starlight was
dispersed from     to     A˚ using a grism, with a final res-
olution of 	 

A˚/pixel. DK Tau has been measured during the
first night with a  
  
slit under subarcsecond seeing. All other







  seeing. Observations of the calibration stars Feige 25
and Feige 56 were performed every night. The integration time
was 300 s in all cases except for DK Tau (500 s).
Data reduction was performed with the Longslit and Oned-
spec spectra reduction packages of NOAO/IRAF. The spectra
have been corrected for transmission variations using the spec-
tra of Feige 25 and Feige 56. In order to extract the spectrum of
each component of the closer binaries, we have fitted two gaus-
sian profiles on every line of the CCD, under the constraint that
the width of each gaussian (selected to match the seeing value)
must be the same for both components. The results of this ex-
traction procedure are presented in Fig. 2 and 3 in 
 4.
3.3. Imaging polarimetry
In order to test the method on tighter binaries, we have obtained
polarimetric images in the I-band for each star in Table 3, dur-
ing the night of 1995 November 19, at the 2m Bernard-Lyot
Telescope (TBL) of the Pic-du-Midi observatory. An addition-
nal star, V710 Tau, was also imaged. The camera used at the
f/25 cassegrain focus was equipped with a

    

    TEK
CCD. The readout noise was 
 
electrons. The focal plate
scale was  
 
  per pixel (square field-of-view of 	   per im-
age). The seeing (FWHM as measured on the reduced images)
was   
 
 , stable over the night. Two filters were used. A plain
I-band filter for direct imaging and an I + polaroid sheet sand-
wich for polarimetric imaging. Three images at 3 different po-
sition angles (  ,    and      ) were obtained for polarime-
try by rotating the complete filter+camera assembly. This pro-
cedure minimizes the intrumental polarization contamination.
The instrumental observing conditions were therefore constant
over the 3 images. Each binary was observed twice with a given
polarization position angle in order to remove the cosmic rays
and increase the S/N ratio without saturation. Flat fields were
taken for each position angle of the polaroids against the sun-
rising sky.
After correcting for bias, flat field and cosmic rays, the pho-
tometry of every star in the field for every position of the po-
laroids was done with the IRAF Daophot package. Then the 
and  parameters were determined for every binary component,
using the formulae given in Appendix A.
4. Results
4.1. Spectroscopy
The spectra of the 5 sources observed are presented in Fig. 2
and 3 (see captions for details). In every source, the primary
(defined as the brightest component in V) is referred to as A,
and the secondary as B. Out of the 5 pairs, 3 show similar spec-
tral types for both components: DK Tau, HK Tau and Haro 6-
37 (see Fig. 2). In HN Tau and UX Tau, the primary appears
significantly hotter than the secondary (see Fig. 3).
Fig. 2. Spectra of the sources with similar spectral types. The intensity
range has been fixed (units in W.m  .A˚  ), and some of the spectra
have been scaled so that the spectral features are clearly visible. The
wavelength units are expressed in nm.
For detected emission lines, the equivalent widths are given
in table 4, together with the spectral types and the correspond-
ing effective temperature, from Cohen & Kuhi (1979). Er-
rors on the equivalent widths are typically 5%, except for the
[OI]  	   A˚ line in HN Tau B, where it reaches 30%. Errors
on the spectral types are 0.5 subclass for types later than M0,
and 1 subclass for the others. They translate into errors of 0.01–
0.02 dex on log(T  ), from M to mid-K, to which 0.02 dex
should be added due to a systematic overestimate caused by
the choice of luminosity class (IV for PMS stars, instead of V
tabulated by Cohen & Kuhi).
   
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Table 4. TTS type, equivalent widths of detected emission lines, spectral types and          for stars of the small separation subsample.
He I [OI] [OI] [SII] [SII] Spectral
Object TTS type  	  
     6678A˚ 6300A˚ 6363A˚ 4069A˚ 6717-31A˚ Type         
UX Tau A w 9.5 K4 3.661
UX Tau B w 4.5 3.5 3 2 M2 3.544
UX Tau C w 8.5 M3 3.526
DK Tau A c 31 16 24 16 0.7 2.4 0.5 4.5 0.6 K9 3.598
DK Tau B c 118 33.5 19 11.5 1.5 4.5 1.5 11 M1 3.566
HK Tau A c 50 20 18 M1 3.566
HK Tau B c 12.5 M2 3.544
HN Tau A c 230 64 23 17.5 2.5 16.5 7 22 5 ?e
HN Tau B c 65 41 47 2 6 M4.5 3.502
Haro 6-37 A c 19.5 3.7 7.5 K8 3.598
Haro 6-37 B c 195 60 38 26 M0 3.593
Fig. 3. Same as in figure 2 for HK Tau and UX Tau
4.2. Polarimetry of the wide binaries
The polarization data were collected from the literature. They
are reported in Table 5. The data are from Tamura & Sato
(1989) for V773/FM Tau, from Moneti et al. (1984) for
V807/GH Tau, and from Me´nard et al. (1998) for all others.
We have quoted the value of the polarization level  for each
component of the binary, together with the uncertainty     .
When the ratio       was larger than 3, we have also quoted
the polarization position angle  and its uncertainty     
     
      .
Table 5. Polarization data for the wide binaries. The results are listed
two by two in the same order as in table 2 (to the exception of the
triple star HP/G2/G3) with the primary component listed first. Mon-
eti et al. (1984) did not provide uncertainties for their V807/GH Tau
polarization measurements.
Object  (ﬀ ﬁ ) ﬂ (ﬀ ﬃ ) 
(%) (  ) A˚
035120+3154 SW 1.42 (0.1) 60 (2) 7675
035120+3154 NE 0.93 (0.1) 58 (3) 7675
040047+2603 E 0.25 (0.1) 115 (10) 7675
040047+2603 W 0.3 (0.1) 93 (10) 7675
V773 Tau 0.28 (0.1) 77 (10) K !
FM Tau 1.66 (0.8) 105 (13) K !
DI Tau 0.4 (0.1) 151 (7) 7675
DH Tau 0.05 (0.1) — 7675
FZ Tau 1.6 (0.16) 80 (3) 7675
FY Tau 2.16 (0.15) 78 (2) 7675
V807 Tau 0.9 52 J
!
GH Tau 0.8 60 J !
GI Tau 0.73 (0.12) 117 (5) 7675
GK Tau 1.25 (0.12) 42 (3) 7675
HP Tau 2.65 (0.14) 63 (2) 7675
HP Tau /G3 2 (0.2) 69 (3) 7675
HP Tau /G2 2.4 (0.12) 73 (2) 7675
! J" # $ % & ' m, K" % $ % ' m
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AU
and -  , , AU, assuming a distance of 140pc for Taurus. We
consider the HP Tau group as two binaries, HP Tau/HP Tau G2
and HP Tau G3/HP Tau G2. The separations are given in that
order in table 2.
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The goal of this section is to check whether the orientations
of wide binary components are similar or not. Two conditions
are necessary: the polarization must be detected, and it must be
intrinsic to the objects, i.e., not of interstellar origin. We argued
in  2.1 that CTTS/CTTS pairs, viewed with a large inclination
are the best candidates for that study.
If the polarization were of interstellar origin, both com-
ponents would appear with parallel polarizations because in
clouds like Taurus, the interstellar polarization changes on
scales much larger than the separations considered here. A few
other clouds however, might have more than one polarization
component with different interstellar polarization position an-
gle for a given line-of-sight. This may lead to difficulties in
evaluating the interstellar polarization. This is not the case for
our data in Taurus. We have used the data of Goodman et al.
(1990) and Tamura & Sato (1989) to evaluate the position an-
gle of the interstellar polarization at the location of the wide bi-
naries and compare it to the stars’ polarization position angle.
The results are presented in Fig. 4 and show a smooth correla-
Fig. 4. Histogram of the difference      (in degrees), between the
position angles of the polarization measured on star and the local in-
terstellar polarization. The binaries are labeled by they primary HBC
number (see table 2) together with a supplementary letter (a-g) used
to match each pair / group.
tion, with many objects having a measured polarization similar
to the interstellar one to better than   	 . Among these objects,
many are part of the same pair, indicating that the interstellar
medium plays a role, at least partly, in this apparent alignment.
Figure 5-a presents the results of a search for a correlation
between the polarization position angles of each component.
The positive result 
       	 in all cases but one, suggests
that the stellar symmetry axis are mostly parallel in the bina-
ries we considered. In the following, we check each individual
result against the interstellar contamination.
The CTTS binary V807 Tau/GH Tau (HBC 404/55) ap-
pears in the     	 bins of both Fig. 5-a and Fig. 4 and its po-
larization is low. We conclude that this apparent correlation is
dominated by interstellar polarization. This is also the case for
the WTTS binary HBC 358/359, as expected for WTTS stars.
Although we cannot check the interstellar polarization very
close to the other WTTS binary of the sample HBC 352/353,
we believe its apparent parallel orientation is also dominated
by interstellar polarization.
Fig. 5. a) Histogram of the differences     (in degrees) between
the polarization position angles of the binary components in the wide
binary sample (left). There is no object in the 30-75  range. b) His-
togram of the difference     between the primary polarization po-
sition angle and the binary position angle (right). In Both histograms,
binaries are labeled by their primary HBC number as in Fig. 4 to the
exception of HP Tau which is a triple system.
The HP Tau group (HBC 66/415/414) contains stars that
are highly polarized but show only a moderate   	    	 po-
larization position angle difference with the local interstellar
value. Moreover, the two companions (G2 and G3) are WTTS
stars. This group is probably affected by interstellar polariza-
tion, although it is at the upper end of the values measured in
Taurus.
The pair FY/FZ Tau (HBC 401/402, both CTTS) is highly
polarized at angles similar for both objects but otherwise very
different from the interstellar polarization value. Similarly, the
CTTS pair GI/GK Tau (HBC 56/57) exhibits polarization po-
sition angles that are very different for both components, ruling
out an interstellar origin, at least for GI Tau.
V773/FM Tau, (HBC 367/23) have parallel polarizations
within the error bars. This orientation is perpendicular to the
local interstellar value. This object is peculiar because the only
published simultaneous polarization measurements were ob-
tained in the infrared, at     m. The 90	 difference is not an
optical depth effect (because of the longer wavelength) because
polarization position angles measured in the optical are sim-
ilar. However, the polarization position angle of V773 Tau is
extremely variable (Me´nard and Bastien, 1992). It rules out an
interstellar origin but makes it difficult to assess the orientation
reliably. We have used the simultaneous     m results in our
histograms of Fig. 5 and 4.
Finally, we also searched for a link between the polarization
position angle of each member and the apparent position angle
of the binary, (Fig. 5-b). No correlation is found between the
primary’s polarization position angle and the apparent binary
position angle. It suggests that the polarization is probably not
circumbinary in origin. However, the lack of a correlation does
not mean that the disks are not coplanar with the orbital plane.
In particular, the position angle of the binary may not necessary
be aligned with the position angle of a possible circumbinary
envelope.
4.3. Polarimetric imaging on close binaries
The results show that HN Tau A is significantly polarized:
2.71% +/- 0.45%. This is in agreement with measurements by
              	 
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Me´nard et al. (1998) and Tamura & Sato (1989). DK Tau B is
also marginally detected.
However, no significant detection of the polarization was
made on any other object. This appears surprising in view of
our simulations in   2.1 and the large S/N ratios effectively
reached in the observations. The S/N for the primaries were
         	 
        
, they were         	    
    for the secondaries. We would have expected reliable es-
timates of the polarizations from these numbers. However, the
S/N reached for the reference stars are below the criterion given
in   2.2 (             ). For such reference star S/N val-
ues, our simulations in Table 1 show that the polarization is
hardly measured with a precision better than   .
Moreover, these results raise questions regarding the abil-
ity of rotating polaroid sheet/wire grid imaging polarime-
ters to perform high accuracy polarimetry. We suspect non-
photometric conditions to be partly responsible for the large
error bars and the lack of detections, as a   photometric er-
ror on one of the 3 frames at   ,    and     translates into
a slightly larger polarization error on ﬀ . From the photometry
point of view, this is not a large error, but from the polarimetry
point of view, this is a huge error. Suggestions for improvement
will be presented in   5.2.
Table 6. Polarizations of the secondary component relative to the pri-
mary for the close binary sample.
Object rel. ﬁ (ﬂ ﬃ )
(%) (%)
UX Tau AB 1.11 0.59
UX Tau AC 2.39 1.20
DK Tau 2.90 1.43
HK Tau 2.72 1.93
V710 Tau 0.16 0.38
HN Tau 3.27 1.09
Haro 6-37 0.80 0.44
Since we are interested in the relative orientation of the
components, we can go further and try to calculate relative po-
larizations, which are easier to measure precisely. We have ap-
plied the same direct method to compute the relative polariza-
tion of the secondary in every pair, using the high S/N primary
as a reference, and arbitrarily setting its polarization to zero.
The corresponding results are presented in Table 6 and should
be interpreted as follows. When significant relative polarization
is ”detected”, it means that the polarization of the secondary is
different than the primary’s, either in level, or in angle.
Although the S/N ratio is better, it still falls short of the ac-
curacy we should have reached. HN Tau remains the only sys-
tem where the polarizations of the two components are clearly
different. In all other cases, the relative ”detection” of the sec-
ondary against the primary is not significant at a   level.
5. discussion
5.1. Physical considerations
For objects without dominant interstellar contamination, one
of the results of this paper is that at least on one occasion, for
GI Tau/GK Tau, the components’ axes are not parallel. On the
other hand, we find that 2 other wide binaries show polarization
vectors of their components that are aligned: FY Tau/FZ Tau,
V773 Tau/FM Tau. There is another pair, DI Tau/DH Tau for
which we lack information on the secondary but where the
primary most likely has an intrinsic polarization. The rela-
tive orientations discussed above are projections in the plane
of the sky. The other angle needed to have the complete 3-
dimensional orientation, the inclination  , is available only for
a very limited number of sources. We have used rotation data
from Bouvier et al. (1986), Hartman et al. (1986) and Vrba
et al. (1989) to compute this parameter. However, measuring
the stellar luminosity of a PMS star is a difficult challenge,
and subsequent computations leading to the  ! "  value can in-
duce even more uncertainties. If we use the recent stellar data
from Kenyon and Hartmann (1995), we find that GI Tau and
GK Tau have inclinations of  #    and  #    respec-
tively. These values could even be considered compatible (say

  $    ), given the uncertainties. However, these two stars
have very different polarization position angles, suggesting that
rotation axes are not parallel in space. We also find that HP Tau
and HP Tau/G2 have similar inclination angles. Since their po-
larizations are parallel it is tempting to conclude that these stars
have indeed parallel rotation axes. However, their polarization
is likely contaminated by interstellar (or intracluster) polariza-
tions. Careful observations at many wavelengths would help
extract the intrinsic part of the polarization and provide confir-
mation for this finding.
It is difficult to compare our results with those obtained for
main sequence stars by Weis (1974) and Hale (1994). Two out
of the four pre-main sequence pairs for which the polarization
method is applicable have parallel axes. We cannot draw con-
clusions, but we note that these PMS and MS distributions are
compatible, with the warning that strictly speaking, we do not
have access to the coplanarity information for our PMS stars,
since the orbital elements are unknown.
Concerning the binaries found with parallel axes at large
separations, we favour the hypothesis that this orientation re-
flects their initial formation conditions, rather than resulting
from evolutionary effects. On the other hand, we also find that
there exist at least one system where the components’ axes are
not parallel. This is a very exciting result, as most of the cur-
rent fragmentation models predict parallel axes if not coplanar
systems (e.g., Bonnell et al. 1992).
Of interest are also our results on the respective determi-
nation of the spectra of both components in our close PMS
binaries sample. If we distinguish between CTTS and WTTS
according to whether their % & equivalent width is more or less
than   A˚ (see table 4), we find that if one of the binary com-
ponent is a classical TTS, so is the other when the separation
is small. There is no mixed pair (CTTS+WTTS) in our close
   
V
J.-L. Monin et al.: Using polarimetry to check rotation alignment in PMS binary stars. 9
binary sample, to the possible exception of UX Tau where the
primary can be classified as a CTTS according to its    flux.
These results confirm the trend already observed by Prato and
Simon (1997). On the other hand, not every primary is the more
active component, i.e., presents the larger    flux. In Haro 6-
37 for instance, the primary is approximately 3 times brighter
than the secondary and the latter has a 10 times larger   
equivalent width than the former so that its    flux is more
than 3 times larger.
The approach we proposed here to get insights into the pro-
cess of star formation and the geometry of the collapse seems
promising in view of our preliminary results. Hopefully, cam-
paigns to study larger samples will be carried out in the near
future.
5.2. Technical considerations
The scope of our study on close binaries was limited by our
inability to obtain high accuracy polarimetry with a simple op-
tical polaroid-sheet imaging polarimeter. With this class of po-
larimeters, we showed that high S/N ratio images are not suf-
ficient to reach an accuracy limited by photon noise and there-
fore to guarantee high accuracy polarimetry. From a sample of
122 stars, Me´nard & Bastien (1992) calculated an average opti-
cal integrated polarization of     % for T Tauri stars located
over the whole sky. In Taurus, the average is 1.6% for CTTS
and 0.7% for WTTS (Me´nard et al. 1998). Current single beam
polarimetric imagers provide   of the order of   	 
   ;
this is unsufficient and more accurate instruments are needed
to study the bulk of this binary sample.
The dominant limiting factors are the photometric fluc-
tuations (i.e., atmospheric transparency fluctuations, and to a
lesser extent seeing variations) of the atmosphere on short time
scales, between each exposures. These variations lead to dif-
ferent intensities that propagate into large polarizations and/or
large errors on the measurements. In practice, because of the
atmosphere, errors on the polarization  (P)  % are difficult
to achieve without extra careful monitoring of the atmospheric
transparency. Furthermore, the photometric data reduction pro-
cess itself limits the accuracy to  (P)  % in the optical,
mainly because of limitations on (polarization dependent) flat
field accuracies and of the error propagation in the combina-
tion of the many different exposures needed to extract the po-
larization. This number should be increased when an infrared
detector is used.
Better polarimetric accuracies could be obtained with dual-
beam polarimeters measuring the intensities in two orthogo-
nal directions simultaneously. Then the two beams are affected
by the same atmospheric fluctuations and the measured nor-
malized Stokes parameter, given by    
            ,
is free from photometric variations, yielding higher accura-
cies under most observing conditions. Accuracies  (P)   	 %
should routinely be achieved.
6. Conclusion
We described a method to use polarimetric measurements to get
information on the alignment of the rotation axes of both com-
ponents of PMS binaries. It gives the projection in the plane
of the sky of the symmetry axis of bipolar nebulae. We argued
that this method is efficient for classical T Tauri stars seen at a
large inclination angle.
This information complements the measure of the inclina-
tion angle on the line-of-sight resulting from      measure-
ments. We have surveyed the literature for measurements on
binaries with separation larger than the seeing, and we used po-
larimetric imaging, with a simple linear polarizer and a CCD to
check for the respective polarization in close binaries. Numer-
ical simulations and careful study of our data show that this
method is heavily dependent on the atmospheric conditions,
and to a lesser extent on the interstellar polarization. However,
qualitative results are found for a few objects.
First results on four wide ( 	    AU) PMS low-mass
binaries in Taurus suggest that alignement of the symmetry
axes occurs at a rate compatible with that measured on the
main-sequence. Because it concerns wide binaries, this align-
ment is thought to result from initial binary formation itself
rather than via a posteriori tidal interactions. The method is
promising but requires the use of more accurate polarimeters.
We demonstrated that in most cases, single-beam polarimeters
with polaroid-sheet (in the optical) or wire-grids (in the near-
infrared) are inadequate.
To confirm the nature of the binary members, visible spec-
troscopy was performed. It allowed us to determine accurate
spectral types along with Balmer and forbidden lines equivalent
widths. Our measures confirm previous results that binaries are
not randomly paired. We also find that in some cases the sec-
ondary component can have a larger    flux than the brighter
primary. We will present in a forthcoming paper (Ducheˆne et al.
1998), an extensive study of the respective accretion activities
of both components in tight binaries.
The next step in this disk orientation study would consist of
using a high angular resolution device and a polarimeter, to get
the same information for closer binaries, where different for-
mation mechanisms may be considered and tidal interaction get
more important. From the spectrometric point of view, it will
be interesting, in those close binaries, to search for a correla-
tion between primary’s and secondary’s accretion or mass-loss
as a function of the separation, indicating how the presence of
a companion tends to influence the disk accretion at small dis-
tances.
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A. Polarization computations
The polarization level   together with the position angle  of the po-
larization vector are obtained through 3 measurements through linear
polaroids, at 3 different angles :   ,    and     . From the 3 corre-
sponding intensities   ,  	  , and  
   , we deduce the Stokes parame-
ters I, U and Q, together with their uncertainty :
    

 
    	    
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and we compute the degree of polarization   and the position







































































Note that an equivalent form of these equations was first used by
Redman et al. (1996). Also, the equations given here (including the
errors) were derived by Asselin (1991) and used (but not given) by
Asselin et al. (1996). We give them all here for completeness and fu-
ture reference.
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Abstract. Various surveys of low-mass binaries in star form-
ing regions have been performed in recent years. They reached
opposite conclusions concerning possible binary excesses in
some of these associations. I develop a consistent method to
reanalyze all these studies, so that I can compare all data con-
sistently, and understand the previous findings. I also report the
detection of five new companions to Taurus members.
It appears that binary fraction in Taurus exceeds the main
sequence value by a factor of 1.7 in the range 4–2000 AU. The
companion star fraction in this separation range is the same
as the overall main sequence fraction. Ophiuchus, Chameleon,
and possibly Lupus show similar excesses, although with lower
confidence levels. Binaries in Ophiuchus seem to have larger
flux ratios (towards faint companions) than in Taurus.
It appears very unlikely that all very young star forming
regions have binary excesses. The binary fraction seems to be
established after    Myr, but the precise nature of the dif-
ference between various regions is still unclear (overall binary
fraction, orbital period distribution). It is not currently possi-
ble to put constraints on the binary formation models: higher
angular resolution and larger sample sizes will be required.
Key words: binaries: general – stars: pre-main sequence – stars:
statistics
1. Introduction
Surveys for low-mass main sequence (MS) binaries have poin-
ted out that multiple system are numerous (53% for G dwarfs,
Duquennoy & Mayor 1991, hereafter DM). Only three years
after DM’s paper, it was discovered that the Taurus star forming
region (SFR) had a very large number of binaries (Leinert et al.
1993, Ghez et al. 1993), many more than expected, while the
Orion Trapezium was “normal”, as far as its binary fraction is
concerned (Prosser et al. 1994). Why is there such a difference
between the two best studied SFR? Taurus or the Trapezium
Correspondence to: Gaspard.Duchene@obs.ujf-grenoble.fr
could be exceptions, but it could also give strong constraints
on binary formation models.
What about the other well-known SFRs? Some studies have
pointed out binary excesses in Ophiuchus, Chameleon, Lupus
and even in the Trapezium cluster (Reipurth & Zinnecker 1993,
Ghez et al. 1997, Padgett et al. 1997), but some authors have
also concluded that there was no excess in the same regions (Si-
mon et al. 1995, Brandner et al. 1996, Petr et al. 1998). Based
on some of these results, Ghez et al. (1993) and Patience et
al. (1998) have proposed that the binary fraction was decreas-
ing with time, from high excess to MS values, while Bouvier
et al. (1997) propose that the main factor driving the binary’s
properties are the physical condition of the parent cloud.
This paper intends to clarify previous results by analyzing
all available sets of data with a single consistent method allow-
ing for meaningful comparisons (Sect. 2 and 3). I also review
the results on the older Hyades and Pleiades stars (Patience
et al. 1998, Bouvier et al. 1997). Finally, an attempt to find
a global trend will be presented (Sect. 4).
2. Method and hypotheses
The main purpose of this work is to allow for direct compar-
isons between all previous papers. Up to now, there are about
as many observational techniques as papers, and each has its
own limitations. Here, I will compare the results for each SFR
to that of the MS, and then, a comparison of the results with
each other will be meaningful; this method slightly increases
the error bars by accounting twice for the MS uncertainties, but
it is usually a small value.
As the largest low-mass MS survey is DM, only stars later
than F7 on the MS will be considered here. This corresponds
to an early-G spectral type for a 1 Myr star. Thus, A and F stars
will be excluded from all SFR surveys. To take into account
all companions, I calculate the companion star fraction, which
is the number of companions per primary (       	  
 
   	  
,
where  ,  ,  and  are the numbers of single, binary, triple
and quadruple systems; see Patience et al. 1998), instead of
the binary fraction (  
  	  

   	  
); also, DM only estimate
   . Finally, for each study, I tried to choose a separation range
    
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over which the sensitivity is high enough so that all companions
can be found. These ranges are presented in Appendix A.
The intuitive way of comparing all clusters is to select a
wide separation range and to count the number of binaries in
this range for each region. Due to the different distances in-
volved, however, the common separation range is narrow and
leads to small numbers of companions. The statistical signifi-
cance of the results is thus quite low.
The most powerful comparison of all clusters is obtained
by comparing each csf to that of the MS in the same separa-
tion range; each SFR, however, has been surveyed in different
ranges by different studies. I calculate the total csf of the SFR
from all surveys and, concerning the MS value, I estimate it
in the same separation range for each survey (by integration
of the analytic period distribution given by DM) and I average
these values using the number of targets as a weight. In Table 1,
      is the averaged MS value to be compared with the    
in the 4th column.     is the total number of targets.
Two non critical assumptions are made: the total system
mass is 1 	 
 and the actual semi major-axis  is linked to the
apparent separation  via              (Reipurth & Zin-
necker 1993); reasonable changes in these parameters does not
change the csf by more than 1%.
Also, some corrections have been applied in some cases
(see Sect. 3) to take into account poor and non homogeneous
dynamic range or selection biases. Concerning the dynamic
range, it has to be large enough to detect binaries with mass
ratio      1, which is the lower limit of DM’s survey (they
cannot observe binaries with      for all targets, but they
estimate a correction down to this limit). Using Baraffe et al.
(1998)’s mass-luminosity relation at 2 Myr, it appears that such
a mass ratio is equivalent to      ﬀ ,  ﬁ    ﬂ and  ﬃ 

  mag at this age. These limits are reached in all pre-main
sequence (PMS) surveys except when a speckle technique is
used (these studies are limited to absolute magnitude and not
flux ratios, so that some stars were observed with worse sen-
sitivities); in this case, a correction has been applied to take
into account the strongly non uniform sensitivity of the sur-
vey. All companions with      were excluded from the
statistics to allow significant comparisons with DM; this has
not been done in the previous studies. Determining mass ratios
from flux ratios is somewhat hazardous for PMS stars because
of possible infrared excesses and different ages, but I assume
that this does not lead to any systematic bias. In older clusters,
as the mass-luminosity relation steepens with increasing time,
the uncompleteness correction becomes important, and cannot
be neglected for the Hyades and the Pleiades.
3. Details of the calculation by clusters
Table 1 presents all the results developed in this section. For
each SFR, I explain what has been done (if anything) after sim-
ply collecting the data from the literature.
1 for systems with  ! " # $ %  & , this limit would be well within
the brown drawfs domain and this could modify the results.
3.1. Taurus
The speckle results of Ghez et al. (1993) does not need any cor-
rection, as all stars were observed with a large enough dynamic
range. The lunar occultation survey of Simon et al. (1995), also
reporting results from Richichi et al. (1994), however, suffers
from a poor dynamic range, and I applied a correction similar
to Ghez et al. (1993). This method takes into account the fact
that all stars were not surveyed with the same dynamic range:
the targets are binned by relative brightness of approximately
equal magnitude steps, and the number of detected binaries in
each bin is rescaled to the total number of targets. Here, it adds
'

companions. The final uncertainties are estimated from
Poisson statistics on the observed number of companions and
corrected for each flux ratio bin (this method gives a conser-
vative estimation of the error), and not on the final, corrected
number of companions.
Recent ( ) * and adaptive optics images of the binary sys-
tem HK Tau have revealed a circumstellar disk around the sec-
ondary (Stapelfeldt et al. 1998). As it is seen edge-on, the star
is totally hidden, and we can only see scattered light. This ex-
plain why  (     mag while the mass ratio is estimated
to be about  '   + from the spectral types of both compo-
nents (Stapelfeldt et al.). This system has not been excluded
here. Otherwise, three faint companions had to be excluded
from the Leinert et al. (1993) survey. In some cases, Leinert
et al. (1993) report the imaging results from Reipurth & Zin-
necker (1993) without further high angular resolution obser-
vations. New images with adaptive optics have revealed new
subarcseconds companions to four of these systems (see Ap-
pendix B), which were added in this study.
3.2. Ophiuchus
Both Ghez et al. (1993) and Simon et al. (1995) results were
corrected for incompleteness with the same method as in Tau-
rus, leading to an estimation of '  missed companions.
3.3. Orion clusters
In the Trapezium, the results from Petr et al. (1998) are un-
corrected while Prosser et al. (1994) evaluated the number of
unbound pairs (chance projection by crowded fields). Here, I
use their final results, where these non physical pairs have been
excluded.
In their study of the outer parts of the Trapezium and of
NGC 2024, 2068 and 2071, Padgett et al. (1997) evaluated the
probability for each companion to be a real companion. As they
find high individual probabilities, no correction is applied in the
study. The probability for all companions to be bound, how-
ever, is rather small (55 and 62% in the NGC clusters and the
Trapezium respectively), indicating that a correction is actu-
ally needed. The average probabilities for each companion to
be unbound are 4.0 and 6.2% in the two subsamples. This is
              	 
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Table 1. Comparison of star forming regions and MS samples regarding the companion star fraction.   the distance to the Orion complex is an
average value.
        
csf (1  ) csf	 
 (1  )   
  
    
statistical ref. distance references
[%] [%] significance [pc] for distance
PMS associations and clusters
Tau-Aur 117 67.1 57(8) 34(4) 0.22 0.08 2.8  1,2,3,4 140 Elias (1978)
Oph 114 35.0 31(5) 20(3) 0.19 0.10 1.9  2,3,4 160 Chini (1981)
Oph 95 24.6 26(5) 13(2) 0.30 0.11 2.7  2,4 – –
Trapez. 291 31 11(2) 14(2) -0.10 0.10 1.0 5 450 5,6,7  
Trapez. 34 2 6(4) 8(1) -0.12 0.29    6 – –
outer Trapez. 50 6.6 13(5) 10(1) 0.11 0.17    7 – –
NGCs Ori 99 12.4 13(4) 10(1) 0.10 0.15    7 – –
Cha I 85 19.2 23(6) 16(2) 0.16 0.13 1.2  4,8,9 140 Schwartz (1991)
Cha II 23 5.0 22(10) 13(2) 0.23 0.21 1.1  4,8,9 200 Hughes & Hartigan (1992)
Lup 61 11.1 18(6) 15(2) 0.08 0.16    4,8 150 Krautter (1991)
CrA 10 3.0 30(17) 11(2) 0.44 0.26 1.6  4,8 130 Marraco & Rydgren (1981)
ROSAT sources
Tau-Aur 68.6 25.1 37(12) 26(4) 0.15 0.16    10 140 assumed
Cha 86.8 4.4 5(3) 7.5(1) -0.21 0.31    9 140 –
Sco-Lup 64.4 7.5 12(7) 7.5(1) 0.20 0.26    9 150 –
Older open clusters
Pleiades 144 40.8 28(6) 27(3) 0.02 0.10    11 130 11
Hyades 97 17.8 18(5) 16(2) 0.05 0.13    12 46.3 Perryman et al. (1997)
References: 1 – Leinert et al. (1993), 2 – Ghez et al. (1993), 3 – Simon et al. (1995), 4 – Reipurth & Zinnecker (1993), 5 – Prosser et al. (1994),
6 – Petr et al. (1998), 7 – Padgett et al. (1997), 8 – Ghez et al. (1997), 9 – Brandner et al. (1996), 10 – Ko¨hler & Leinert (1998), 11 – Bouvier
et al. (1997), 12 – Patience et al. (1998).
in agreement with the averaged background companions prob-
abilities given in Padgett et al.’s Table 3: the predicted numbers
of false detections are 0.6 and 0.4 respectively. I substracted
these numbers in Table 1, as well as two companions below the
     limit, with increased error bars (Poisson statistics were
applied to the unbound pairs, too).
3.4. Chameleon, Lupus, Corona Australis
I applied the correction from Ghez et al. (1993, 1997) to the
limited subsample of low-mass stars in Ghez et al. (1997), again
with increased uncertainties. The addition of the   ﬀ from two
independent subsamples, proposed by Ghez et al., leads to the
same excess ratio as the method used here.
3.5. ROSAT population
In all three SFRs, corrections for too faint companions ( ﬁ
   ) and background projections are performed with the values
given in Brandner et al. (1996) and Ko¨hler & Leinert (1998).
The third correction to apply is to take into account the bias
induced by the X-ray selection of the targets: a binary has two
sources and can thus be detected more easily in the ROSAT
survey. I used a similar method to Brandner et al. (I assume
that the X-ray flux of the secondary is independent of the pri-
mary’s), but I replaced their formula for ﬂ ﬃ by:
ﬂ ﬃ
   ! " #
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, the normalized distribution of X-ray
fluxes, i.e. the density of probability for the secondary’s flux;









are the limits of valid-
ity for the flux distribution, and
) C = <
is the sensitivity limit of
the X-ray surveys in each SFR. I then applied a method sim-
ilar to Brandner et al., which both modifies the sample size
and the number of companions; I choosed
4
ﬀ
 D E %, i.e. the
main sequence value, but a value of 90% does not change the
results in Table 1 by more than 2%. I find 9 faint, 4.3 back-
ground and 5.5 X-bias companions in Taurus; equivalent fig-
ures in Chameleon and Scorpius are respectively (0, 1.0, 1.0)
and (1, 1.5, 3.0). The final number of targets is also a fractional
number (ﬃ F G H  ﬃ I ﬂ ﬃ ). If J is the fraction of biased bina-
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ﬂ ﬃ . The corrections I evaluate for
Chameleon and Scorpius are smaller than that of Brandner et
al., because these were overestimations; in Taurus, the correc-
tion estimated in Ko¨hler & Leinert is similar to that quoted in
Tab 1. Poisson uncertainties are associated to each correction.
3.6. Pleiades
As already mentionned, a completeness correction is needed
for this cluster: from Henry & McCarthy (1993),      cor-
responds to ﬂ Q  R mag, which is not reached for all sepa-
rations. The assumption made by Bouvier et al. (1997) is that
the DM’s mass-ratio distribution can be used in the Pleiades,
     
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which seems compatible with their results. The uncertainties,
however, must be increased, as Poisson statistics again apply
to the observed numbers of companions (e.g., in the first bin of
their Table 2, the total number of companions is        and
not        , since they detect 4 companions).
3.7. Hyades
As in the Pleiades, a correction is needed, but it must be evalu-
ated and applied only to the subsample of low-mass stars (Pa-
tience et al. 1998 evaluate the correction on the whole sample,
but apply it to the low-mass stars). After excluding all stars with
spectral type earlier than F7,      	   
 and evolved stars
(see Tables 2, 3 and 4 in Patience et al.; all stars with no spectral
type in their Table 2 are excluded here), I checked that the av-
erage detectable mass-ratio is unchanged (       	  ). With
the same correction as in the Pleiades, I estimate that 79% of
the companions were detected in this survey. With a correction
similar to that proposed by Patience et al., this number becomes
70%; the slight difference is due to the fact that Patience et al.
do not dismiss binaries with       . The 54% reported in the
original study is due to the fact that a lot of higher mass stars
(  	   ) could hide many low-mass companions.
4. Results and implications
4.1. Binary excesses in star forming regions
As already mentionned, the binary excess is strongly significant
in Taurus (99.5% confidence level), where the overall binary
fraction is    % provided that the period distribution shape is
the same as the MS. Actually, the binary fraction given in Ta-
ble 1 is comparable to the overall estimated csf in the MS stars
(       , DM). On the other hand, all studies of the Orion
clusters (Trapezium, NGC 2024, 2068 and 2071) converge to a
“normal” binary fraction. In the other SFRs, no obvious excess
can be detected, with the exception of Ophiuchus which is dis-
cussed below. Although all data have been carefully analyzed,
no definitive conclusions can be drawn. Angular resolution still
has to be improved to increase the number of companions. The
use of larger telecopes equipped with adaptive optics, however,
will not solve the main problem. The low significance of the
results is tightly linked to the small sample sizes: except for the
Trapezium cluster, there are always less than 150 targets. Un-
til an important embedded population is found and surveyed, it
will be very difficult to increase our confidence in these results.
Reipurth & Zinnecker (1993) first proposed that there are
more binaries in PMS stars than in the MS. The excess they
find is not highly significant (about 1.5  ), but they use direct
imaging, without high angular resolution. Their sample con-
sists mainly in Ophiuchus, Chameleon and Lupus (213 out of
238 targets); here, combining these three regions, the excess
represents a factor of 1.5, significant at the 2.6  level (i.e.,
a probability of 99% for these clusters to have a binary frac-
tion different from the MS). Although each individual cluster
does not contain enough stars, this is an evidence that other
SFRs than Taurus have binary excesses. Actually, Ophiuchus
and Chameleon both seem to have excesses comparable to Tau-
rus. If one excludes Simon et al. (1995) data concerning Ophi-
uchus (see below), the excess becomes a factor of 1.6, and the
significance is increased to the 2.9  level.
Simon et al. (1995) do not find a binary excess in Ophi-
uchus, while in Taurus, they end with a result similar to Table 1.
They point out the fact that they give only a lower limit to the
actual binary fraction, and the difference they find seems to
vanish in Table 1 after averaging with the results of Ghez et al.
(1993). The main difference between Simon et al. survey and
all other study of Ophiuchus is that the former is sensitive to
closer separations, thanks to a lunar occulation technique. This
could reveal a trend for Ophiuchus to lack very close binaries
(        , below the limit of Ghez et al. 1993 survey). How-
ever, Simon et al. find 31% of their companions below 0.1  in
Ophiuchus and 27% in Taurus. Of course, these numbers suffer
from poor statistics, but there is no evidence for a difference
in the period distributions in their study. Another possibility
to explain the results of Simon et al. is the difference in flux
ratios in Ophiuchus and Taurus. From Ghez et al. (1993), it ap-
pears that 73% of the binaries in Taurus have        mag,
while only 23% in Ophiuchus have such flux ratios (the me-
dian flux ratios in both samples are respectively      ﬀ and
     mag). From a ﬁ ﬂ test, the probability that the two sam-
ples are drawn randomly from the same distribution is smaller
than 0.5%. The median dynamic range in Simon et al. survey is
       mag, and it is plausible that they do not find a binary
excess in Ophiuchus because they miss faint companions. The
problem is then to understand why the flux ratios are different
in Ophiuchus and Taurus SFRs.
The ROSAT population is not easy to handle: as already
proposed by Ko¨hler & Leinert (1998), the “X-sources” in Tau-
rus are probably related to the molecular cloud since the binary
excess, although not statistically significant, is rather similar
to the other sources; this argument, however, is given a for-
tiori, and thus it is not very compelling. The resulting excess
(a factor of 1.6) is significant at the 2.9  confidence level. On
the other hand, in Chameleon, the X-ray selected population
and the rest of the cloud are different at the 1.2  level. This is
in agreement with Brandner et al. (1996), who find a 2  dif-
ference. However, they consider it as similar and average the
two results. It seems more likely that the ROSAT population is
not entirely related to the SFR, as proposed by Neuha¨user &
Brandner (1998), who find that 6 out of 7 stars observed with
HIPPARCOS are foreground stars. In Scorpius-Lupus, finaly,
the excess is large, although not very significant. It is interest-
ing to notice that, in the separation range 0.8–3  , Brandner et
al. (1996) find a very large excess in Upper-Scorpius B and
a MS result in Upper-Scorpius A (which are two parts of the
same SFR with different ages); the average of these two val-
ues leads to the observed excess. With high angular resolution,
Brandner & Ko¨hler (1998) proposed that the period distribution
are different in the two subclusters.
   
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In older clusters (120 and 600 Myr respectively for the Ple-
iades and the Hyades), no strong binary excess is detected; the
excess reported by Patience et al. (1998) is due to the large
correction they evaluated (see Sect. 3.7).
4.2. Implications for binary formation
As explained in Sect. 4.1, Taurus is probably not the only SFR
with a large binary excess in the separation range  10–2000
AU. Ophiuchus and Chameleon have probably similar excesses,
although the results are less significant than in Taurus. On the
other hand, several very young clusters (Trapezium, NGC clus-
ters in Orion) do not have such features. It can thus be excluded
that all SFR have very high binary fractions at the begining of
the star formation stage: the possibility of a time evolution for
all PMS associations is very unlikely, at least after   Myr,
the typical age of these SFR.
All the regions with a binary excess (Taurus, Chameleon,
Ophiuchus) are loose associations: all dense clusters have bi-
nary fractions compatible with the MS. Unless the majority of
the solar neighbourhood stars were formed in Taurus-like asso-
ciations, it appears that the binary fraction does not evolve from
the T Tauri phase to the MS. This is an evidence for the low im-
pact of gravitational encounters in dense clusters after 1 Myr or
so, and it is very unlikely that such interactions can affect the
binary fraction in loose SFR. Furthermore, as the ratio of bina-
ries to triple systems in PMS and MS are similar (DM, Leinert
et al. 1993), it seems that disruption of high order multiples due
to unstable orbits are quite rare too.
It is still unclear whether the total binary fraction is higher
in dense clusters or if the period distribution is different, with
more visual binaries and an overall fraction similar to the MS.
In Taurus, however, the latter seems unlikely, as the number
of spectroscopic binaries is not extremely low (Mathieu 1994).
In any case, it seems that the binary fraction in the range 
       AU is established very soon in the history of star for-
mation, probably before   Myr. Kroupa (1995) has shown,
with  -body simulations, that wide binaries may be massively
disrupted in a time shorter than a few Myr, provided it is ex-
tremely dense in its very first stages (it would require 	 
  
 stars/pc ). Bate et al. (1998) find a weak evidence that
wide binaries (     AU) may have actually been disrupted
in the Trapezium cluster. At smaller separations, however, it
seems that no disruption has occured. It is possible that all SFR
start their evolution with a high binary fraction and that the
dense clusters disrupt most of the widest pairs. However, it ap-
pears unlikely because no excess is found in Trapezium down
to    AU, while it should still exist at such small separations.
Furthermore, the proportion of circumstellar disks is very high
in the Trapezium (Hillenbrand et al. 1998), implying that the
number of encounters is not very high.
It is also possible that the binary fraction is established dur-
ing the formation process, without any later disruption. Durisen
& Sterzik (1994) have pointed out that a natural prediction of
both cloud and disk fragmentation models is that the binary
fraction is higher in colder SFR. If the Trapezium and similar
clusters had a high initial gas temperature, it could explain the
large excess of loose associations with regard to the MS. On the
other hand, Durisen et al. (in prep.) show that the cloud temper-
ature could also influence the orbital period distribution. This
could account for the results of Brandner & Ko¨hler (1998) who
present evidence that the peak of the orbital period distribution
changes with the physical conditions of the parent cloud; their
numbers, however, are very small, and their results need to be
ascertained.
5. Conclusion
I developped a method with consistent corrections for uncom-
pleteness and selection biases to clarify the issue of the possible
binary excess in SFRs. Reanalyzing all published PMS binary
surveys, it appears that some previous conclusions have to be
revisited, although the major ones hold (Taurus and Ophiuchus
SFR show binary excess, while Orion and zero-age MS clusters
do not). The following conclusions are reached here:
– the Taurus members have a significant binary excess (2.8  ),
with    % of stars being multiple systems if the orbital
period distribution has the same shape as the MS binaries.
I also report astrometry and near-infrared photometry for
four new subarseconds companions.
– combining Ophiuchus, Chameleon and Lupus, the excess is
significant at the 2.6  confidence level at least, which in-
creases the confidence in the result initially pointed out by
Reipurth & Zinnecker (1993). It also appears that the binary
infrared flux ratios are larger (towards fainter companions)
in Ophiuchus than in Taurus.
– all the Orion clusters, as well as the Pleiades and the Hya-
des, have binary fractions similar to the MS.
– unlike in Taurus, there is no evidence from binarity that the
    
populations in Chameleon and Lupus are linked
to the clouds.
It is not currently possible to discriminate between a dif-
ference in the overall binary fraction or in the orbital period
distribution, though the former appears more likely. The use of
larger telescopes with adaptive optics will be needed to settle
this issue. Also, to confirm and increase the confidence level of
the binary excesses in Ophiuchus or Chameleon, it will be nec-
essary to survey a sample at least twice as large as the current
known population.
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Appendix A: Cluster distances and separation range of the
different surveys
The distances assumed to convert angular to linear separations
are presented in Table 1. These values are not very accurate
     
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Table A1. Separation range for each study. “diff”: diffraction limit;
“sens”: limit for homogeneous sensitivity; “seeing”: worse seeing
value; “fov”: instrument field-of-view; “back”: limit for small back-
ground stars contamination. References are the same as in Table 1.
Ref. sep. range (     ) lower limit upper limit
1 0.13–13.0 diff back
2 0.1–1.8 sens fov
3 0.02–10.0 sens back
4 1.0–12.0 seeing back
5 0.1–1.0 sens back
6 0.14–0.5 diff back
7 0.3–2.3 sens back
8 0.1–1.2 sens fov
– 1.2–12.0 seeing back
9 0.8–3.0 seeing back
10 0.13–13.0 diff back
11 0.08–7.0 diff fov
12 0.1–1.07 sens fov
(the uncertainties are probably about 20%), but they are not ex-
tremely important values, since the period distribution is rather
flat and, thus, a simple shift in the integration limits does not
change dramatically the results. Concerning the ROSAT pop-
ulations, I first assumed that they are linked to the SFRs, as
proposed by Guillout et al. 1998, although this is still unclear.
More critical are the separation ranges in which each study
was performed (Table A1). When the technique is simple imag-
ing (without high angular resolution), I choose the worst value
of the seeing as the lower limit, so that all stars were observed
under better or equivalent conditions. For speckle surveys, it is
possible to choose a lower limit such that the sensitivity is al-
most constant for larger separations without loosing too much
companions; furthermore, the scatter in the individual sensitiv-
ities is so large that it is impossible to apply a uniform cor-
rection to the whole sample. Adaptive optics studies, on the
other hand, are diffraction-limited and very uniform in sensi-
tivity, but the sensitivity increases gradually up to roughly 1
 
,
and it is not interesting to use this wide lower limit; I just kept
the diffraction limit, although I acknowledge that a few com-
panions may have been missed. The dynamic range, however,
is usually about 2 mag around the first Airy ring; the major-
ity of the close companions are thus detected at near-infrared
wavelength. Binary separations can be limited either by the in-
strument field-of-view or by the need to avoid background con-
tamination (this is discussed in each study), the latter beeing a
problematic issue.
Appendix B: New companions in Taurus
On December 11 and 18, 1997, near-infrared images of Tau-
rus binaries from Leinert et al. (1993) and Reipurth & Zin-
necker (1993) samples were taken at CFHT, using the adaptive
optics system and the new near-infrared camera, KIR. While
obtaining    photometry of already known multiple sys-
tems, five new companions were discovered in binary and triple
Table B1. Astrometry and relative photometry for the 4 new subarc-
second companions in Taurus. Astrometry and photometry for HBC
358 C are with regard to HBC 358 Aa (brightest component in    ).
primary sep. (     ) PA ( ) 	  	  	 
UX Tau B 0.138 303.9 0.29 0.28 0.27
J 4872 A 0.175 76.4 0.26 0.16 0.14
Haro 6-37 A 0.333 181.2 1.78 1.67 1.57
HBC 358 A 0.150 334.0 0.06 0.07 0.09
HBC 358 C 3.15 331.2 4.35 4.33 4.49
systems. I report in Table B1 the astrometry and relative pho-
tometry; all details will be published in a forthcoming paper
(Monin et al., in prep.). The uncertainties for the astrometry
are smaller than 2% for the separation and 0.5
 for the posi-
tion angle (measured eastwards from the North); the relative
photometry is accurate to about 0.05 mag in each band.
The status of the faint star close to HBC 358 is not ad-
dressed here, although at this separation, the probability that
this is a background projected companion is low (the fact that
the flux ratio decreases with increasing wavelength, however,
could be an evidence for its background location). Given the
flux ratio, anyway, it has not been included in this paper.
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Abstract. We present low-resolution optical spectra of each
component of 10 T Tauri (TT) binary systems with separations






and located in the Taurus star-forming
region. We derive the spectral type and H equivalent width of
each component.
Complementing these results with those of Monin et al.
(1998) yields a sample of 14 binaries and one triple system,
with resolved spectroscopy and/or near-infrared photometry.
We find that mixed binaries (CTTS+WTTS) are rare, represent-





. Supplementing these results with those of Hartigan et al.
(1994) and Prato & Simon (1997), we show that the trend of
binary TTS to be twins holds to separations up to  
 
. This is
unlikely to be the result of random pairing, and confirms pre-
vious results that both stars in young binaries accrete over the
same time span.
In binary systems where both stars are still accreting, our
measurements show that the most massive star is usually the
component with the largest accretion rate by up to a factor of
10, as determined from the H luminosity.
Key words: binaries: general – circumstellar matter – stars :
formation – stars : pre-main sequence – accretion, accretion
disk
1. Introduction
During the past five years, many studies have addressed the
issue of multiplicity in low mass star-forming regions. A ma-
jority of G-K main sequence (MS) dwarfs belong to multiple
systems in the solar vicinity (Duquennoy & Mayor 1991), and
several studies (Leinert et al. 1993, Reipurth & Zinnecker 1993,
Send offprint requests to: G. Ducheˆne, Gaspard.Duchene@obs.ujf-
grenoble.fr

Based on observations made with the Canada-France-Hawaii
Telescope, operated by the National Research Council of Canada, the
Centre National de la Recherche Scientifique de France and the Uni-
versity of Hawaii
Ghez et al. 1993, Simon et al 1995) have shown that this is also
the case among pre-Main Sequence (PMS) stars. The binary
fraction can vary with star formation region (SFR), and in the
Taurus cloud, the binary excess over MS stars is of the order of
1.7, indicating that binarity is a fundamental feature of stellar
formation, at least in this SFR (see Ducheˆne, 1999).
Amongst the various mechanisms proposed so far for bi-
nary star formation, fragmentation appears as the most likely to
meet observational constraints (Boss 1993). Numerical codes
have been successful in reproducing the formation of binary
or multiple systems (Bonnell et al. 1992, Sigalotti & Klapp
1997ab, Boss 1997, Burkert et al. 1997). However, current bi-
nary formation codes do not offer enough resolution and time
span to follow the formation and evolution of circumstellar ac-
cretion disks. Only larger structures, which are not necessarily
in equilibrium, are predicted, providing only indirect informa-
tion about these disks, and the fate of the available circumstellar
matter remains unclear.
Various authors have studied tidal interaction of circum-
stellar disks in binary systems for coplanar disks (see a review
by Lin & Papaloizou 1993), and demonstrated that Lindblad
resonances create a gap in the binary environment, separat-
ing two circumstellar disks from a circumbinary one. Accre-
tion from the outer disk onto the inner ones and, eventually,
on both stars is prevented by gravitational resonances. How-
ever, Artymowicz & Lubow (1996) showed that, under some
hypotheses on the disk properties, matter could flow through
one or two points of the inner ring of the circumbinary disk
toward the central system. If both stars have similar masses,
both circumstellar disks are replenished, while, in the case of
very unequal masses, the accretion funnel is mainly directed
toward the secondary. On the other hand, Bonnell et al. (1992)
used a SPH code to study cloud fragmentation processes and
concluded that fragmentation of an elongated cloud rotating
around an arbitrary axis leads to parallel but non-coplanar ac-
cretion disk like structures. They find that, in low mass ratio
systems (   ), accretion of low angular momentum mate-
rial is directed toward the centre of mass, which is close to the
most massive star. Thus, in these systems, the primary appears
more obscured and reddenned than its less active companion.
              	 
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The different conclusions about the more actively accreting star
are likely due to the different approaches used in these studies:
while Artymowicz & Lubow (1996) start with a star+disk sys-
tem to which they add a second star, Bonnell & Bastien (1992)
model the formation of such a binary from the onset of the grav-
itational collapse. Also, the different initial conditions used in
these two studies imply different angular momentum values for
the accreting material (see Bate & Bonnell 1997).
The study of accretion activity on both components in PMS
binary systems brings insight into the way the residual mat-
ter flows onto the central stars. This activity can be traced by
spectroscopic measurements. However, up to now, such studies
on PMS binaries in Taurus have been limited to wide systems
(Hartigan et al. 1994, hereafter H94) due to the limited spa-
tial resolution of the observations. Monin et al. (1998, hereafter
paper I) have started a spectroscopic survey of wide young bi-
naries in Taurus. In this paper, we extend this study to closer
systems (down to     ), investigating the classification as clas-
sical (C) or weak-line (W) TTS of both stars in these binaries,
along with a more detailed study of the spectroscopic signature
of their accretion activity. We restrict ourself to the Tau-Aur
association and we complement our results with those of H94
and Prato & Simon (1997, hereafter PS97) to extend this study
to a wider range of systems.
In section 2, we present the observations and the data re-
duction process. The results and the classification of individual
stars as C/W TTS are presented and discussed in section 3, and
an evaluation of the random pairing hypothesis is presented in
section 4. The accretion activity of each component within bi-
naries is compared in section 5. A discussion and a summary
are presented in section 6.
2. Observations
2.1. The sample
We have chosen our sample from the list of Mathieu (1994).
In paper I, Monin et al. already presented some spectroscopic
measurements on five objects in this list, with separations rang-




. In this paper we present complemen-
tary observations of closer binaries from the same list. This
new sample (see Table 1) now includes all the binaries in this
list with separations ranging between  




, to the ex-
ception of HBC 411 (CoKu Tau/3) and HBC 389 (Haro 6-10).
2.2. New spectroscopic observations
The observations were conducted on 1996 November 5 and 6,
and December 1, at the Canada-France-Hawaii Telescope on









/pixel scale. Using SIS (Subarcsecond Imaging Spec-
trograph) providing tip-tilt correction, we obtained an angular






. Differential    imaging pho-
tometry was also performed during the first two nights for some
Table 1. Complete list of spectroscopically observed binaries (paper I
and this paper). Listed are the Herbig & Bell (1988) catalogue num-
bers (hereafter: HBC) of the primary and secondary when available,
the binary separation and the previous classification of the whole sys-
tem as CTTS or WTTS (from HBC unless explicitly quoted).
HBC object      TTS
356–357 NTTS 040012+2545S–N  1.33 W
358 NTTS 040047+2603W 1.6 W
379 LkCa 7  1.1 W
J 4872  3.5 W
43–42 UX Tau AB  5.9 WW




45 DK Tau  2.8 C
48 HK Tau  2.4 C




60 HN Tau  3.1 C
IT Tau  2.4 C
73–424 Haro 6-37  2.7 CC
76 UY Aur 0.9 C
80 RW Aur  1.5 C
 resolved    imaging photometry was obtained for these objects
 paper I
 this work
 Hartmann et al. (1991)
targets. For each system, the primary has been defined as the
brightest star in the  band.
Long-slit spectra were obtained using a 1
 
slit and a grism.
The usefull range of the spectra is 4000 to ﬀ












A˚, except for HBC 356–357 where it is


   A˚.
Spectra of calibration lamps and of a spectrophotometric stan-
dard (Feige 110) were obtained every night. All spectra have
been wavelength calibrated, cosmic-ray cleaned, flat fielded,
sky emission subtracted and flux calibrated. All data reduction
steps were performed with standard IRAF1 routines. The two
stellar spectra of each binary were deblended and extracted us-
ing a task fitting two gaussians with the same FWHM profile.
This reduction procedure is accurate as long as the separation
remains larger than the seeing, which was the case for all our
sources except FX Tau and UY Aur, the closest systems of our
sample (see section 3.1 for details).
Our estimates of the spectral types are based on the strength
of TiO bands for M stars, and on relative strengths of Ca I
ﬁ ﬁ 6122,62, Na I ﬁ 
 
	 , CaH
ﬁ ﬁ 6350,80 and CaH ﬁ ﬁ 6750–
7050 for K stars. We used the standard grids from Allen &
Strom (1995) and Kirkpatrick et al. (1991), and we also ob-
served a series of spectral type standards during the same nights
as the binary targets. From these standard stars measurements,
1 IRAF is distributed by the National Optical Astronomy Observa-
tories, which is operated by the Association of Universities for Re-
search in Astronomy, Inc., under contract to the National Science
Foundation
     
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we find that our estimates are accurate to within one subclass
for the whole sample. However, we are unable to determine
spectral types later than M5, because most of the spectral fea-
tures we use do not change anymore with effective tempera-
ture for such late type stars. Spectra at longer wavelengths are
needed for the classification of the reddest objects.
Uncertainties on emission line equivalent widths (hereafter
EWs) were estimated by using the maximum and minimum ac-
ceptable continuum values next to the lines. They are typically
smaller than 5%, except for the weakest lines, where they are
of the order of 0.1–0.2 A˚. In the blue part of the spectrum, for
the faintest stars, uncertainties can reach 10–15%.
We evaluated differential photometry for 8 of our sources in
the     bands. Uncertainties are usually smaller than 0.02 mag
and never exceed 0.03 mag.
3. Results
The spectra are shown in Figure 1 and the corresponding re-
sults are summarized in Table 2, with the relative photometry
given as         . For some objects, we could also
detect H	 , H
 , [O I]     and the [S II]  6716,31 doublet in
emission (see Appendix A:).
3.1. Comments on individual binaries
The spectral type of GK Tau B could not be determined due to a
poor signal-to-noise ratio but its spectrum does not show strong
TiO absorption bands. The spectral type of RW Aur A is unde-
termined from our spectra because the star is heavily veiled by
a hot continuum and does not show any photospheric feature ;
higher resolution spectra are needed to assess its spectral type,
see Basri & Batalha (1990) or Chen et al. (1995).
UY Aur is one of the closest binary in our sample, leading
to a possible contamination of the spectrum of the secondary
by that of the primary. We have checked this point by perform-
ing careful cuts through the UY Aur spectrum perpendicular to
the dispersion axis. These cuts show a systematic asymmetry,
which position does not change with wavelength and is not ob-
served on the primary of any other system, even if it is observed
with the same position of the slit. Furthermore, the separation
we infer from the spectra (           ) is fully consistent with
the result of near-infrared imaging (Close et al. 1998) and the
resulting spectrum of the secondary displays different spectral
features than the primary.
In the case of FX Tau, the raw spectrum clearly shows two
separated peaks, but they are very close (the seeing was about
 
  
FWHM). The double gaussian fitting procedure was un-
successful, and we had to apply a line by line deconvolution
process. The seeing is slightly better at longer wavelength and
we could retrieve both components in this part of the spectra
only. They show significantly different features, so we believe
that we have resolved the system. This is enough to measure
the H emission and to estimate the spectral type, though with
a larger uncertainty (2 subclasses).
Optical spectra of the GG Tau/c binary were obtained by
White et al. (1999), who found spectral types M5 and M7 for
the primary and secondary, respectively. This is in agreement
with our findings for both components, although we could not
determine accurately the spectral type of the secondary.
We have also determined an accurate estimate of the sepa-
ration of HBC 356–357:  
 
    
 
  . Walter et al. (1988) re-
ported a somewhat larger separation (2  ). However, these au-
thors did not publish the uncertainty on their result, and we
believe that this discrepancy is unlikely to be due to orbital
motion.
In order to study the relative accretion activity of the indi-
vidual components of the binaries of our sample, we first deter-
mined which stars actually accrete, i.e. the respective classifica-
tion of the observed stars as CTTS or WTTS. In the following,
we use every available piece of information to establish this
classification.
3.2. TTS classification criteria
The first large scale surveys for TTS were objective prism sur-
veys and the “historical” criterion to detect a CTTS used the
H EW by checking whether it was larger than 10 A˚ or not
(e.g. Strom et al. 1989). The stars identified as TTS from their
photometry, but with smaller H EWs were classified as WTTS,
i.e. non-active PMS stars. However, this threshold is not a sharp
edge, and a more physically meaningful diagnosis would be the
H flux (Cohen & Kuhi, 1979). Moreover, Martı´n (1998) dis-
cussed the possibility that the H EW threshold varies with
spectral type, later spectral types stars having a higher thresh-
old. He proposed a 5 A˚ EW limit for K stars and 10 A˚ for early
M stars. We adopt this criterion in our classification.
We have also checked this classification against other crite-
ria such as [O I]     emission line and    infrared excess.
Edwards et al. (1993) have found that all stars with detectable
[O I] emission or    excess (    ) systematically have
H EWs larger than 10 A˚.
However, in order to compare our newly classified TTS
with previously known field TTS, the use of different criteria
may lead to confusion and unexpected biases. This point will
be carefully examined below (see section 4.2), but we stress
that only one star out of the 31 listed in Table 2 has a dis-
crepant classification when using different criteria (see also
section 4.2.1).
3.3. Classification of individual stars
NTTS 040012+2545, 040047+2603, LkCa 7 and J 4872: no
component in any of these systems shows evidence of accretion
activity, as they all exhibit only low H emission and no other
emission line, to the exception of HBC 358. These four systems
are thus considered as WW binaries.
GK Tau, IT Tau, UY Aur, and RW Aur: all of these systems
contain stars with moderate to strong H and Hﬀ emission and,
              	 
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Fig. 1.    spectra for all components of our study. The flux range is fixed for all stars, and all spectra have been scaled for convenience. Parts
of the spectra with errors in gaussian fitting are not shown; exceptions are a small range around 5600 A˚ for LkCa 7 and the reddest part of
FX Tau spectra, around 7600 A˚. Note that both FX Tau spectra are not flux calibrated, due to the deconvolution procedure.
for some of the stars, metallic and forbidden lines. All the stars
in these systems can thus be safely classifed as CTTS.
FX Tau: the secondary shows a very low H emission and
is probably a WTTS. On the other hand, the primary shows a
moderate emission in this line, as well as H emission (Cohen
& Kuhi 1979). Furthermore, Strom et al. (1989) and Skrutskie
et al. (1990) reported moderate   and   excesses for the
system. All these evidences support the idea that the primary is
a CTTS.
UX Tau and HK Tau: UX Tau A was observed in paper I and
classified as a WTTS from its H EW of   	 A˚. In such a star
apparently “at the border” between C and WTTS, we reexam-
ined this classification and propose to (re)classify it as a CTTS,
because of the large H emission flux (for a spectral type K4,
the CTTS threshold is only about 	 A˚). Another clue is its sig-
     
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Table 2. Photometric and spectroscopic results for stars in our sample. “–” means that the line is undetected in our spectra. The relative
photometry given in parentheses was obtained from our spectra (see section 5). No emission line has been measured in the spectrum of FX Tau
at wavelengths shorter than 6500 A˚. The last column present our classification of the stars: “W” for WTTS and “C” for CTTS (see text for
details).
HBC object spec. type       H H [O I]  	 
 
 He I      type
(mag) (mag) (mag) EW  (A˚) EW (A˚) EW (A˚) EW (A˚)
356 NTTS 040012+2545S K3 0.07 0.08 0.06 0.4 – – – W
357 NTTS 040012+2545N K3 (0.1) (0.0) 0.4 – – – W
358 NTTS 040047+2603W A M5 10.0 8.7 – – W
NTTS 040047+2603W B M5 (0.3) (0.3) 6.7 6.0 – – W
379 LkCa 7 A K9 2.18 2.03 1.03 2.5 – – – W
LkCa 7 B M4 (2.0) (1.8) 5.6 – – – W
J 4872 A K9 1.50 1.40 0.83 0.8 – – – W
J 4872 B M1 (1.7) (1.5) 4.2 – – – W
44 FX Tau A M1 0.24 0.30  0.10 13 – C
FX Tau B M4 1.0 – W
GG Tau/c A M5 2.74 2.57 2.13 22 15 – – C
GG Tau/c B  M5 (2.6) (2.5) 19 39 – – C
57 GK Tau A K7 4.26 4.20 4.10 35 13 – 0.3 C
GK Tau B – (4.1) (4.1) 45 11 – – C
IT Tau A K3 3.63 3.15 2.27 21.7 3.4 – – C
IT Tau B M4 (3.6) (3.2) 147. 52. 0.3 0.7 C
76 UY Aur A K7 86. 29. 1.5 0.8 C
UY Aur B M2 (2.7) (2.5) 69.1 33.8 3.8 – C
80 RW Aur A ?e 4.36 3.85 3.25 76 7.9 1.1 1.3 C
RW Aur B K5 (3.4) (3.2) 42.7 7.3 2.1 0.3 C
Data from paper I
43 UX Tau A K4 9.5 – – – C
42 UX Tau B M2 (2.4) (2.2) 4.5 3.5 – – W
UX Tau C M3 (4.0) (3.9) 8.5 – – – W
45 DK Tau A K9 31. 16. 2.5 0.7 C
DK Tau B M1 (1.7) (1.6) 118. 33.5 4.8 1.5 C
48 HK Tau A M1 50. 20. – – C
HK Tau B M2 (2.6) (2.7) 12.5 – – – C
60 HN Tau A ?e 230. 64. 16. 2.5 C
HN Tau B M4.5 (3.8) (3.7) 65. 41. 8. 2 C
73 Haro 6-37 A K8 19.5 3.7 – – C
424 Haro 6-37 B M0 (1.4) (1.2) 195. 60. – – C
nificant   excess (Skrutskie et al. 1990). This post facto re-
consideration of classification criteria can be misleading at first
sight, but we stress that it is only done here to define a more ac-
curate picture of an accreting TTauri star. The classification of
all other stars is identical to paper I. In particular, our previous
classification of HK Tau B as a CTTS (H EW of 12.5 A˚) has
been recently confirmed by an HST image of this star show-
ing a remarkable edge-on circumstellar disk (Stappelfeldt et al.
1998).
4. CTTS - WTTS pairing within Taurus binaries
In the following, we call “twins” the systems where the TTS are
of the same type (either CC or WW), and “mixed” the systems
where the stars are different.
One of our objects contains stars physically associated in a
multiple system (UX Tau). Although this system is not strongly
hierarchical (    -     ), we consider that it can be split into two
“independent” binaries, leading to a total of 16 binaries in our
sample. The validity of this assumption will be evaluated in
Section 4.2.4.
4.1. Testing the random pairing hypothesis
The 16 binaries considered here can be divived into three cate-
gories: 9 binaries contain only CTTS (   %), 4 are formed of
two WTTS (25 %), and 3 are mixed systems, all with a CTTS
primary and two of them in the same triple system, UX Tau,
representing less than 19 % of our sample. Mixed systems ap-
pear to be rare in TTS binaries, and this is even more strik-
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ing when we use the “historical” H    A˚ EW criterion. Then
only one mixed system remains among 16 binaries, and the
proportion drops to about 6%. We use this sample to address
the question: are binary components taken at random from the
TTS population?
If we want to compare this result with a distribution ran-
domly taken from a single TTS population, we need to know
the ratio of WTTS-to-CTTS in Taurus. In a study limited to the
central parts of the Tau-Aur dark cloud, Hartmann et al. (1991)
found a ratio close to unity. Considering a larger sky area leads
to an even larger WTTS-to-CTTS ratio, mainly because of the
widespread      population (e.g. Wichmann et al. 1996).
Since our sample mostly contains systems in the center of the
molecular cloud, we conservatively adopt a W/C ratio   .
Taking a fixed distribution of primaries (4 WTTS and 12
CTTS), the probability to get 3 mixed systems out of 16 bina-







therefore reject the hypothesis that components of TTS binaries
are randomly associated from the distribution of single stars. In
other words, the TTS types of Taurus binary components are
significantly correlated.
4.2. Possible sources of bias
In this section, we discuss some possible sources of errors in
our result on a preferential CC pairing in TTS binaries.
4.2.1. The use of different classification criteria
In section 3.2, we have used complementary criteria to estab-
lish the C/W TTS nature of our sources. However, considering
only the “historical”   A˚ H  EW classification criterion does
not only imply minor changes (1 star in UX Tau is modified
upon 31), but makes mixed binaries even more rare: only one
mixed pair (FX Tau) out of 16 remains. The probability that
the observed C/W distribution in our 16 binaries results from
random pairing then falls to       .
4.2.2. The case of WW pairs
The evolutionnary status of the WTTS population identified
from the      All-Sky Survey is somewhat uncertain: some
of these stars may be unrelated to the TTS population (e.g. Fa-
vata et al. 1997). If they are young main sequence stars, we
expect that both components will mimic WTTS since they are
too old to still be accreting. Then the observation of such bina-
ries can lead to a bias towards WW pairs in our study. This can
potentially affect 2 binaries in our sample, which were first de-
tected by      (their names starts with “NTTS”). If we ex-
clude all WW binaries for safety, we end with at most 3 mixed
systems out of 12, yielding a proportion of 25 % mixed systems
in TTS binaries. Then the probability that this distribution re-
sults from random associations is only    . We therefore
conclude that the high proportion of twin binaries in our sam-
ple is not strongly affected by the presence of spurious WW
binaries.
4.2.3. Time evolution
Since the proportion of stars surrounded by a circumstellar disk
decreases with age, we inspect the possibility that our binary
population is younger, on average, than the population of sin-
gles. In such a case, we would expect to find more CTTS (“young
and active”) than in the singles sample and, consequently, more
CC binaries. In Simon & Prato’s (1995) study, the median age
of their single stars sample is      ﬀ ﬁ   ﬂ . In our sample,
we find that half of the primaries that have an age assigned
by Simon & Prato are older than this value. We thus conclude
that our study includes about as many young systems as old
systems, and time evolution effects do not impinge our conclu-
sion.
4.2.4. Close companions and hierarchical systems
The issue of how to treat known binaries which we do not
resolve is not straightforward. Moreover, currently undetected
companions may exist around some of the stars in our sample.
These unresolved companions may strongly impact on the evo-
lution and the accretion history of their associated star. Further-
more, considering a triple system as two independent binaries
may not be a valid hypothesis.
To evaluate the impact of such multiple systems, we con-
sidered a subsample of binaries where no third component, ei-
ther spectroscopic (Mathieu 1994), very tight visual (Simon et
al. 1995) or wider, is known so far. To our knowledge, only
7 binaries in our overall sample match this criterion: LkCa 7,
FX Tau, DK Tau, HK Tau, IT Tau, HN Tau and UY Aur. This
subsample contains 6 twins and 1 mixed binaries. Once again,
only about    of these binaries are mixed, leading us to think
that the possible existence of additional companions does not
significantly modify the results.
4.3. Complementary results from the literature
We have considered previous results in the literature providing
information on the classification of the components of more
PMS binaries in the Taurus SFR. We complement our results
with those of H94 and PS97 and obtain a sample that contains
over 90 % of all known binaries located in Taurus in the sepa-






. The list of these supplementary objects
is given in Table 3.
To classify the members of binaries studied by H94, we
used their H  EWs and spectral types together with the esti-
mated near-infrared excesses. Both indicators agree well for
all stars except for V710 Tau S. This star presents an H  EW
hardly above the classical limit (11 A˚), with a spectral type M3,
     
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Table 3. Binaries observed by H94 and PS97, listed with the primary
first. See text for details about the classification of individual stars
HBC Object       type ref
352–353 NTTS 035120+3154SW–NE 8.7 WW H94
355–354 NTTS 035135+2528SE–NW 6.3 WW H94
360–361 NTTS 040142+2150SW–NE 7.2 WW H94
386–387 FV Tau–FV Tau/c 12.3 CC H94
389 Haro 6-10 1.2 CC PS97
51–395 V710 Tau N–S 3.2 CW H94
52–53 UZ Tau E–W 3.8 CC H94
54 GG Tau–GG,Tau/c 10.3 CC H94
56–57 GI–GK Tau 12.2 CC H94
411 CoKu Tau/3 2.0 CC PS97
and no infrared excess. Moreover, Cohen & Kuhi (1979), mea-
sured an H EW of 3.3 A˚ and no emission in the forbidden
lines, leading us to classify this star as a WTTS. V710 Tau
consequently happens to be one of the few mixed pairs (CW)
among TTS binaries.
For the two binaries studied by PS97 and included in our
sample, all stars have     	 
  mag. Such high values are
strong evidences for the presence of an optically thick accretion
disk in the inner 0.5 AU around each star (the upper limit for
photospheric colors is      
  mag, Edwards et al. 1993),
so that these stars can be safely classified as CTTS. It is also
worth mentionning that for all systems common to the PS97’s
sample and ours (DK Tau and UY Aur with   photometry
and Haro 6-37 with Br spectroscopy), their classification and
ours are fully consistent.
If we take these complementary results into account, we
obtain a sample of 26 binaries with 15 CC twins, 7 WW twins,
and 4 mixed. The proportion of mixed systems is then  	   ,
and even only    if we adopt the H EW criterion, yielding
similar results as in Section 4.1.
5. Differential accretion in CC binaries
For all binaries where both stars have active accretion disks
(CC pairs), we have used the available spectra to compare the
accretion activity of each component, using their H flux as
an accretion diagnosis. The H EW has already been shown
to correlate well with the infrared excess in CTTS (eg. Ed-
wards et al., 1993). Moreover, recent studies in the near in-
frared where the extinction is about ten times smaller than at
H wavelengths, have revealed tight correlations between the
accretion luminosity and the Pa and Br emission fluxes (Mu-
zerolle et al., 1998). We will then hereafter use the ratio of
H fluxes in binaries, assuming that this flux is proportional
to the energy dissipated in the accretion process, i.e. to the ac-
cretion luminosity.
We also assume that the extinction toward both components
of the binary is the same, based on the tight correlation ob-
served in the data of H94 between   toward the primary and
the secondary. We checked that this correlation is still valid
at smaller separations: we evaluated a rough   photome-
Fig. 2. H luminosity ratio for all CC binaries. Upper limits are for
UY Aur and HK Tau.
try from our spectra and compared the results to dwarfs col-
ors. Due to observational uncertainties (    ﬀ  ﬁ ﬂ ﬃ mag
and 1 subclass for the spectral type), the final accuracy of the
extinction is rather poor (typically,     !  ﬁ ﬂ " mag). How-
ever, we did not find any evidence that the correlation is modi-
fied. This correlation is likely due to the fact that both compo-
nents of a binary system are equally embedded in the Taurus
molecular cloud, but other explanations include the existence
of a common circumbinary envelope and/or of circumstellar
disks with similar orientations. Brandner & Zinnecker (1997)
reported a similar correlation for close (# $ % ﬁ AU) PMS bina-
ries in southern SFRs.



































where ' 0 is the nearby continuum flux estimated from our spec-
tra when available and from H94’s : photometry otherwise.
Figure 2 shows a clear trend for the primaries to have a
higher H& flux than the secondaries thus a higher accretion lu-
minosity. It is unlikely that this result is the consequence of a
systematic bias introduced by the assumption that both extinc-
tions are the same. This would imply that we systematically
overestimated the H& luminosity ratios by a factor of 4, which
requires that the extinctions toward the secondaries are larger





1.5 mag. Such a systematic trend would
have been detected in H94 (the authors quote   =   !  ﬁ ﬂ >
mag), as well as in our data. This suggests that the accretion
rate is larger on the more massive component of the system.
In a few cases, clues exist that the photosphere is not seen
directly, and that we only detect scattered light. This is the case
for UY Aur B (Close et al. 1998) and HK Tau B (Stapelfeldt et
al. 1998) where an edge-on disk has been recently detected. For
these stars, the observed photometry is therefore only a lower
limit to their actual flux, and we consequently underestimated
their H& flux. Arrows have been accordingly added in Fig. 2.
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No nebular structure is seen at high angular resolution around
any other star so far and we assume that there is no object with
strong scattering in our sample appart from these two stars.
6. Discussion and summary
We have shown that there exists only few mixed systems in
Taurus PMS binaries in the separation range 130 - 1800 AU.
This result extends those of PS97 who did not find any mixed
system in a sample including binaries with separations of 40–
360 AU. This indicates that the accretion history of the two
stars are not independent, even for binaries with separations
up to     AU (from our new spectroscopic observations) and
even      AU if we take into account the results from H94.
What can explain such a correlation in binaries with sepa-
rations as large as      AU ? This “twinning” trend, together
with the fact that circumstellar disk dissipation times from op-
tically thick to optically thin are short (Simon & Prato 1995),
led PS97 to propose that both components of a close binary sys-
tem accrete over the same time span because their circumstellar
disks are replenished by material from a common (circumbi-
nary) environment. As soon as this environment is cleared, both
disks dissapear over a short viscous timescale. However, the
circumbinary environment hypothesis appears difficult to ap-
ply to wide binaries, and if such envelopes have been detected
around a few close binaries, they generally remain elusive. Sim-
ilarly, it appears unprobable that the binary as a whole can
sweep enough material during its wander through the parent
cloud: at 1 km.s  , a 100 AU radius wide binary sweeps only
        	 
   in a    cm  density cloud.
On the other hand, we find that the primaries have larger
H fluxes than their secondaries. We call ’primary’ the bright-
est component in the  band, which always has an earlier spec-
tral type than the secondary so that it is likely the most massive
star. The H luminosity is assumed to be proportional to the
accretion luminosity:





Baraffe et al.’s (1998) evolutionary models show that two
2 Myr-old TTS with masses of 1   and 0.1   have     
ratios only differing by a factor of 4 (the most massive star
also has a larger radius). Our measured H luminosity ratios
vary by over 2 orders of magnitude and therefore cannot be
accounted for by extreme mass ratios. The difference in the ac-
cretion luminosities is thus likely to reveal that, in most cases,




 ﬁ . It is
also noticeable that the mixed systems in our sample all have a
CTTS primary, so that in the case of CW pairs, the more mas-
sive star again seems to be more active than the other one.
If both components have similar circumstellar disk lifetimes
(ﬂ ﬃ   ﬃ 

 ), these results suggest that the circumprimary
disk is preferentially feeded in the early binary formation pro-
cess by a common circumbinary reservoir of mass. This is in
agreement with the prediction of Bonnell et al.’s (1992) model.
Table A1. Additionnal emission line measurements from our spectra.
All equivalent widths are given in A. Stars that are not listed here were
not detected in any of these lines.
HBC object H H [O I] [S II]
! 6363 ! ! 6716,31
358 HBC 358 A 9.5 5.1 – –
HBC 358 B 4.8 11.5 – –
GG Tau/c A 12 – – –
57 GK Tau A 10.2 7.0 – –
IT Tau A 3.4 – – –
IT Tau B 35" 5 – – –
76 UY Aur A 24 8.0" 1.0 – –
UY Aur B 13 – 2.1 1.2
80 RW Aur A 1.1 3.1 – –
RW Aur B – – 0.8 –
Another possibility is that the accretion rate on the star,

 ,
is proportional to the disk mass, itself related to the mass of the
central star. In the canonical accretion disk theory, the accretion
rate is related to the surface density # , itself evidently linked to








ﬁ and why the disk lifetime ﬂ   

 does not
depend on the mass of the central star. If true, such a  $


relation should hold for single TTS but current mass determi-
nation lack the precision needed to study this point further.
Observations of closer binaries down to separations of the
order of the peak value in the PMS separation distribution (%
&
 AU, Mathieu 1994) should shed more light on this ques-
tion. Such observations are within reach of current adaptive
optics systems equiped with spectroscopic capabilities. Such a
peak separation is of the order of the size of a canonical accre-
tion disk and these observations would allow to study systems
where the star-disk and disk-disk interactions are strong, and
also where the eventual leftover circumbinary environment has
a major influence.
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Appendix A: Complementary line measurements
In our new spectroscopic observations, some emission lines
which are not presented in Table 2 were detected in some of
our targets. EWs measurements for H' , H( , [O I]) * + * + and
the doublet [S II]) ) * ,  * - +  lines are given in Table A1 for the
stars where these lines were detected.
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